In this issue of Neuron, Rani et al. (2016) address important questions about the mechanisms of cerebral cortical evolution. They describe how a primate-specific long non-coding RNA titrates the levels of a micro-RNA that regulates an ancient signaling pathway controlling neuronal numbers.
Remarkably little of the vertebrate genome codes for proteins (<2% in humans). Some regions in the vast tracts between the protein-coding sequences direct the transcription of RNA (i.e., promoters and enhancers) but most have been categorized pejoratively as ''junk DNA.'' Intriguingly, much of the genome appears to be transcribed even though most of it will never be translated (Clark et al., 2011) . Included among the untranslated RNAs are microRNAs (miRNAs) and long noncoding RNAs (lncRNAs). miRNAs are small (22 nt), essential components of the highly conserved RNA interference pathway. There are thousands of different miRNAs in mammals. They provide an essential layer of control of protein production by binding to specific target mRNAs to induce their degradation or inhibit their translation. A publication in this issue of Neuron (Rani et al., 2016) gives fascinating new insight into mechanisms by which miRNAs are themselves controlled by their interactions with lncRNAs. It throws a spotlight on complex events occurring behind the scenes to direct protein production and suggests that modification of these events on an evolutionary timescale is likely to have played a major part in the emergence of new phenotypes. Rani et al. (2016) identified an lncRNA called LncND (ND stands for neuronal development) that emerged in the primate lineage that is present in developing cerebral cortex and whose deletion (along with seven other genes) from the human genome is associated with intellectual disability. These observations are consistent with the idea that LncND is functionally important but, since LncND does not encode protein, what is its mechanism of action? The first suggestion that LncND acts by regulating miRNA function came from the discovery that LncND contains a primate-specific insert enriched in sites where miRNAs can bind, referred to as miRNA recognition elements (MREs). This raised the possibility that LncND functions as a competing endogenous RNA (ceRNA) (Poliseno et al., 2010; Tay et al., 2011) , regulating protein expression indirectly by interfering with the ability of miRNAs to repress translation of mRNAs that share the same MREs. According to this model, LncND would titrate miRNA away from its mRNA target-described as a ''sponge'' effect-thereby de-repressing protein production ( Figure 1A) .
The next clue to LncND's molecular function was that one of the miRNAs bound by LncND, miR-143-3p, also binds MREs in NOTCH mRNA. This suggested that LncND might, in primates, be a ceRNA ameliorating miR-143-3p's inhibition of NOTCH protein production ( Figure 1A ). NOTCH is a key component of an evolutionarily ancient signaling pathway whose activation promotes the maintenance of proliferative progenitors at the expense of differentiating neurons. The new findings indicated that regulation of NOTCH by miR-143-3p might itself be regulated by the sponge activity of the emergent LncND, adding an extra dimension to the control of NOTCH signaling in primates. This mechanism exemplifies how evolutionary change in neuronal production might have been caused by relatively recent alterations in the regulation of an ancient molecular pathway.
The primate lineage diverged from the rodent lineage 65-85 million years ago. As well as being much larger, the developing primate brain has specializations absent from the developing rodent brain (Rakic, 2009) . In primates, one of the major classes of cerebral cortical progenitors, called radial glial cells (RGCs) for mainly historical reasons, is distributed in three layers, or zones, surrounding the lateral ventricles: (1) the ventricular zone, which lines the ventricle; (2) the inner subventricular zone; and (3) the outer subventricular zone (OSVZ). RGCs in the OSVZ are commonly called outer RGCs, or oRGs ( Figure 1A ). RGCs are marked by their expression of the highly conserved transcription factors PAX6 and HES1, the latter being a downstream target of NOTCH signaling. RGCs either selfrenew, in which case they maintain high levels of PAX6 and HES1, or generate neurons mostly via the production of intermediate progenitor cells (IPCs) that divide to amplify neuronal output. Neurons migrate to the ever-thickening cortical plate where they differentiate to generate the cortical layers. The differentiation of RGCs to IPCs and neurons is accompanied by a downregulation of PAX6 and diminished NOTCH signaling, as indicated by reduced HES1 levels. Previous data had shown that primate cortical progenitors have high levels of miR-143-3p (Arcila et al., 2014) . Rani et al. (2016) now show that LncND is also present at high levels in human neural progenitors in cell culture and in human embryonic cortical progenitor layers but is downregulated in neurons, an expression profile that is compatible with its hypothesized role as a regulator of NOTCH signaling in RGCs ( Figure 1A) .
Developing rodent cortex does not have a progenitor layer equivalent to the primate OSVZ, with its large population of oRGs able to massively amplify cortical neuronal output. A clear implication of Rani et al. (2016) 's findings is that an important underlying cause of this difference is the absence of LncND in rodents ( Figure 1B) . According to the model, rodents, which express the ancestral Notch/miR-143-3p combination and lack LncND, are unable to muster levels of Notch signaling comparable to those in primates and so lose more RGCs to neuronal differentiation, ultimately resulting in a lower neuronal output. To test this, Rani et al. (2016) introduced LncND into mouse RGCs early in corticogenesis ( Figure 1B) : this increased the proportions of Pax6-expressing RGC progenitors and decreased the proportions of IPCs (marked by their expression of the transcription factor Eomes, also known as Tbr2). This outcome is in line with their hypothesis, since RGCs have the potential to divide repeatedly to expand the progenitor population and hence neuronal output, whereas, in rodents, IPCs have limited potential to expand neuronal output. This finding indicates that the operation of core conserved mechanisms involving Notch, Hes, and miR-143-3p is open to modification by the evolution of additional layers of control.
The idea that the phenotypic diversity of living organisms arises largely from differences in systems regulating the levels of production of specific proteins that are themselves highly conserved has gained ever-increasing credence since the deciphering of the genetic code in the 1960s. In 1969, Britten and Davidson stated that ''At higher grades of organization, evolution might indeed be considered principally in terms of changes in the regulatory systems'' (Britten and Davidson, 1969) . This view was strengthened by the discovery a few years later that the amino acid sequences of homologous proteins from humans and chimpanzees differed by less than 1%, which appeared insufficient to account for the extensive morphological, physiological, and behavioral divergence between these two species (King and Wilson, 1975) . It has continued to be reinforced by the observation of high levels of conservation of protein-encoding genes across the entire animal kingdom (Rakic, 2009 ). In the case of cerebral cortical development, for example, most if not all essential regulatory proteins, including transcription factors PAX6, EOMES, and HES1 and signaling molecules such as NOTCH and its pathway components, have highly conserved protein sequences. Their promoter and enhancer regions are also often highly conserved, indicating that explanations for phenotypic diversity are likely to involve additional non-coding genomic regions. The evolution of new miRNAs is likely to be a factor driving phenotypic diversity, but it is unclear how much of this diversity it is likely to explain. For example, most miRNA genes are highly conserved among primates including humans (Capra et al., 2013) , providing no satisfactory explanation for the major differences between us and our nearest relatives. The possibility that evolutionary changes in ceRNA sponges, acting in concert with invariant miRNAs, could impact the cerebral cortical phenotype sufficiently to cause the emergence of human-specific attributes is much more appealing. Following this line of thinking, it will be important to discover ceRNA sponges that are human specific and not just primate specific, as is the case for LncND.
Promising hunting grounds for humanspecific ceRNA sponges are regions of the human genome called human accelerated regions (HARs). HARs are genomic sequences conserved between mammalian species, including non-human primates and mice, but different in the human. Intriguingly, the vast majority of these sequences are in non-coding regions of the genome and 132 HARs map to regions transcribed into lncRNAs and pseudogenes, both of which can function as ceRNA sponges (Pollard et al., 2006; Capra et al., 2013; Poliseno et al., 2010; Tay et al., 2011; Rani et al., 2016) .
A starting point for Rani et al. (2016) 's study was the identification of a human genomic microdeletion that includes LncND in some patients with intellectual disability. More research is needed to confirm that the LncND deletion is causative, and to establish the mechanism, but it is plausible that NOTCH pathway dysfunction due to loss of LncND is a significant factor. More broadly, this raises the specter that the accelerated addition of many non-coding regulatory elements such as ceRNAs that refine the operation of evolutionarily ancient core systems comes at a cost. Mutations affecting these new elements would not stop the core systems functioning but would cause the human-specific advantages that they confer to be jettisoned, resulting in the formation of perfectly viable but sub-optimally constructed structures. There is little prospect that compensatory mechanisms stabilizing this new level of control had time to evolve. It is likely that the human cerebral cortex, more than any other organ, relies on the activity of non-coding systems for its elaborate species-specific development. Suboptimal development resulting from mutations that affect these non-coding systems could even be a major cause of psychiatric illness.
The idea that major evolutionary events, such as the emergence of the human cerebral cortex, are the result of changes to non-coding genomic sequences is attractive. Changes to these regions are more likely to accumulate beneath the radar of natural selection than changes in regions encoding conserved effector molecules, until eventually some can influence conserved developmental control mechanisms. Understanding more about the functions of the vast swathes of noncoding genome and how evolutionarily conserved RNA interference mechanisms can be tuned by the emergence of ceRNAs is likely to take us closer to discovering what, from a genetic perspective, makes us human.
